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in many  configurations  [7–9,  12,  13,  15]. Machines with  coreless  stators  can  potentially 
operate at a higher efficiency than conventional ones because of the absence of core losses. 
AFM-based generators can be structured as: single-rotor, single-stator; double-rotor, single- 
-stator;  single-rotor,  double-stator; multi-rotor, multi-stator machines. The  stator  disc  can 
be slotted or slotless. The simplified structure of AFM is a slotless single-stator disk design 
with winding placed or wound on the stator disk. Small size AF generators for wind turbine 
applications offer a promising alternative for many remote electrical uses [1–6, 10]. Their high 
compactness and disk-shaped profile make the axial-flux machines suitable for mechanical 
integration with wind turbines.
The goal of this paper is to investigate the electromagnetic field and performance of the 
two presented prototypes. The prototypes of generators are chosen from a range of designs 
based on minimizing the material cost and energy loss [14]. To demonstrate the influence of 
the generator, geometry changes on the generator performance, and the modification of the 
stator and rotor was investigated and analyzed on prototype A. A wide range of generator 
characteristics modeling can be found in the literature [7–9, 12–15]. The presented generator 
should generate sufficient output DC voltage to charge up to 4–5 batteries of 12-volt each. 
This generator design should be suited for charging a 48-volt battery system. The small 
amount of energy produced by the generators can be stored by the battery charging station 
and  that  stored  energy  can  sufficiently  improve  the  quality  of  life  for  such  areas,  giving 
people access to electrical lighting, TV, radio, etc. In contrast to this, the 3-D FEA approach to 







with measurements. The comparison between the measured and simulated impact of 
generators for the wind turbine application during normal operation is in good agreement. 
Testing includes both generator prototypes, the testing focuses on the DC output voltage and 
DC output current at various speeds. It shows that the proposed prototype B with full pitch 
magnets can be applied successfully to generate up to 60 V at the open-circuit operation. 
Future research works will be concentrated on the generators efficiency, the flux distribution 
in the stator and rotor core and the magnetic force between the stator and rotor.
2. Description of the axial-flux generator
Axial-flux generators with magnets  are one of  the best  solutions  for  small-scale wind 
generators. In this study, ferrite magnet generators with surface-magnet systems are studied 
and analyzed. A schematic drawing of the prototype axial-flux generators are shown in Fig. 1.
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The rotors of prototype versions A and B are composed of a thin 3 mm thick steel plate, 
and 138.4 mm and 130.4 mm in outer diameter, respectively. Ferrite magnets are arranged 
in a radial pattern around the rotor plate. The initial design of prototype A of the generator 
includes 8 trapezoidal-shaped surface-mounted magnets with an arc of 30 mech. degrees. 
Prototype B consists of a rotor with 45 mech. degrees of trapezoidal-shaped magnet arc 
covering a full rotor pole pitch. Magnets with black epoxy coating were chosen specifically 
to protect them against scratching and corrosion. The slotless stator core disk for both 
prototypes with winding consists of a number of single-layer trapezoidal-shaped coils. These 
coils have the advantages of being easy to make and have a relatively short end-winding. 
The coils are held together and mounted on a stator disk surface by using a composite material 
of epoxy resin. The geometry parameters of prototypes are listed in Table 1.
T a b l e  1
The main parameters of generator geometry and material specification
Data of generator
Version of generator prototype
A B
Type of magnet Ferrite  Ferrite
Thickness of magnet 5 mm 5 mm
High of magnet 29.5 mm 29.5 mm
Remanent magnetic flux 0.66 T 0.66 T
Outer radius of rotor core/magnet 69.2 mm 65.2 mm
Inner radius of rotor core/magnet 17.2 mm 17.2 mm
Outer radius of stator core 58 mm 58 mm
Fig.  1.  Prototypes of 8-pole axial-flux generators (a) and one-stator one-rotor topology (b)
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Inner radius of stator core 34 mm 34 mm
Thickness of stator core 7 mm 7 mm
Turn number per coil 124 124
Number of rotor/stator pole 8/8 8/8
Thickness of coil 4 mm 4 mm
Air-gap (stator-magnet) 1.5 mm 1.5 mm
Resistance of phase (in series) 26.9 Ω 26.9 Ω
The principal application of such wind turbines is battery charging, in which the generator 
is connected through a rectifier to a battery system. In order to convert the available wind 
power to mechanical power, the rotor should usually operate at optimal speed ratio, with its 
revolutions per minute varying in proportion to wind speed. In the small size wind turbine 
generator under study, the torque and speed control system does not need to be used regarding 
the application that the generators are used for.
3. Three dimensional FEA models of axial-flux generators
The  three-dimensional magnetic field  analysis was  conducted during  the  investigation 




The electrical and mechanical performance of the electric motor depend on its geometry 
and properties of magnetic materials. In the past, basic electromagnetic theory was used by 
industrial experience for preliminary motor design of the presented prototypes. 3-D FEA was 
used to verify the AF generators, and the results show the useful performance of the machines 





The modification  process  was  performed  with  the  following  changes  to  stator,  rotor, 
magnet  and  coil  sizes:  version  I  (Fig.  3b)  consists  of  the  coils moved  about  4.8 mm  to 
the center of the stator disc. Also, the magnets are placed to the center of the stator disk 
by changing the magnet inner and outer radius, magnet volume was then reduced about 
0.3%. Those positions of coils and magnet are fixed in all further modifications (Fig. 3c–f). 
The contour profile of magnets are highlighed by the Γ symbol. Version II (Fig. 3c) concerns 
a modification of  the  stator disc width  in a  radial direction  (RSout – RSin)  in order  to place 




T a b l e  2
Geometry parameters of generator version A after modification
Version of AFM Parameter [mm]RSin RSout RRin RRout RMin RMin
Prototype A 34 58 17.2 69.2 35.8 65.2
I 34 58 17.2 69.2 31.3 60.7
II 31 62.4 17.2 69.2 31.3 60.7
III 27.1 64.9 17.2 69.2 31.3 60.7
IV 34 58 17.2 60.7 31.3 60.7




radius  of  magnet.  After  that  modification,  the  external  end-winding  sticking  out  of  the 
stator disc, and the rest of stator disc geometry dimentions are the same as in prototype A. 
The  last  modification  (version  V,  Fig.  3f),  is  based  on  the  same  rotor  disk  and  magnet 
geometry dimensions as in version I. The width of the stator disk was increased in order 
to cover the whole face of the magnet.
The stator, rotor, and magnet dimensions before and after the geometry modification are 
given in Table 2.
4. FEA results and experimental verification
Simulation and measurements of the axial-flux machine response to voltage at different 
speeds were performed. The machine was operated as a generator and the load level varied 
from no load to full load. The speed of the generator was changed from 1000 rpm down to 
250 rpm. In the first stage of the experiment, the input mechanical energy was fed to the drive 
rotor of the proposed generators which can change mechanical energy into electrical energy. 
The prediction and measured voltages generated by phase caused by different speeds of the 
generator are presented in Fig. 4.
If a higher DC load voltage is required to recharge 5 batteries of 12-volts each, the speed of 
operation must be high. For instance, if a DC load voltage of 60 V is required, the rotor speed 
has to be higher than 1000 rpm to generate this voltage within the range of peak efficiency. 
The prototype B seems a better solution to reach the high voltage to recharge 5 batteries than 
Fig.  4.  DC output voltage at varied speed versus DC output current  
when connected to resistive load
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prototype A – this generates DC output voltage about 10 V lower than prototype B at a speed 
above 500 rpm. The line voltage in the open-circuit condition is approx. 48 V and 60 V at 
1000 rpm for prototypes A and B, respectively. The open-circuit and load characteristics for 
different rotational shaft speeds were measured. The computed results of the DC voltage vs. 
the DC output current at resistive loaded operation agree strongly with the experimentally 
measured values. The increase of the generated voltage is directly related to the increase 
of the power output, and the generated voltage is proportional to the strength of the magnetic 
field.
The speed  range  is  limited by  the maximum power  that can be dissipated  in  the  rotor 
resistances. The results presented in the following plots correspond to 250 rpm, 500 rpm, 




condition. It is clearly demonstrated that the prototype B of the generator has a higher 
volume of magnets realized by the use of a wider arc of the magnet as compared with 
prototype A, therefore, the strength of the magnetic field increased.
All the versions of modified prototype A have a lower saturation effect observed in the 
stator or  rotor cores. Table 3 presents a  list of peak values  for  the calculated flux density 
in the stator core under open-circuit operation conditions.
Fig.  5.  Efficiency of AFM versus DC output current at varied speed  
when connected to resistive load
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The right choice of the ratio of the inner stator disc diameter to the outer diameter has 
a crucial influence on back-EMF voltage, which is the induced voltage when the current is 
zero. The results of the obtained DC output voltage after the modified stator/rotor geometry 
of prototype A are listed in Table 3. It clearly demonstrates that changing the diameter ratio 
of the stator disc has an influence on the induced voltage by the coils. Induced voltage (e) is 
a function of the flux-linkage of the winding (dy/dt).
T a b l e  3
The maximum value of flux density and voltage generated at 1000 rpm observed  
in prototype A and its modified versions
Generator version
Open-circuit operation condition
Bmax [T] UDC [V]
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The maximum value of the induced voltage (UDC) of one coil (one pole of the stator) for 
the maximum value of the flux density (B) in the air-gap is given by:





p – the number of rotor pole,
n – the speed of the rotor,
wm – angular velocity in mechanical degree.
Equation  (3)  shows  that  the  induced voltage  is  a  function of  the  angular velocity  and 
cross-section of the stator disc (SFe). According to the results listed in Table 3, the maximum 
voltage induced by winding occurs at ratios 0.5, 0.42, 0.56 of the stator inner to outer 
diameter, respectively, for the generator versions II, III and V. According to literature [2, 12] 
the optimal ratio for the idealized axial-flux machine is 0.58.




Fig.  7.  Axial force between stator and rotor vs. rotor speed at varied load  




the capability to be manufactured in a small workshop. Two prototype concepts of wind 
generator have been presented. The generators have been chosen from a range of designs 
based on minimizing the material cost and energy loss.
The main aim of this paper has been to design the wind generator producing the required 
DC output voltage at the resistance load operation. This generator design is suitable for 
charging a 3 to 5, 12 V battery system with the rectified generator output voltage. As FEA 
results show the generators are able to reach the required DC load voltage at speeds in the 
range of 750 to 1000 rpm. According to Fig. 4, prototype B generates approx. 10 V more 
than prototype A. Generator prototype B has a higher volume of magnets realized by use 
of a wider arc of magnet, therefore the strength of the magnetic field is increased (Fig. 6). 
There is a further possibility to increase the output DC voltage by decreasing the air-gap 
between the magnets and the stator core. The generated voltage is proportional to the strength 
of the magnetic field, which depends on the axial length between the stator and magnets.
The authors would like to express their gratitude to the Electrical Machine Laboratory, Department 
of Electrical & Electronic Engineering, University of Bristol, UK, for the support in accessing the 
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